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Abstract
Abs have been shown to be protective in passive immunotherapy of tuberculous infection using
mouse experimental models. In this study, we report on the properties of a novel human IgA1,
constructed using a single-chain variable fragment clone (2E9), selected from an Ab phage library.
The purified Ab monomer revealed high binding affinities for the mycobacterial α-crystallin Ag
and for the human FcαRI (CD89) IgA receptor. Intranasal inoculations with 2E9IgA1 and
recombinant mouse IFN-γ significantly inhibited pulmonary H37Rv infection in mice transgenic
for human CD89 but not in CD89-negative littermate controls, suggesting that binding to CD89
was necessary for the IgA-imparted passive protection. 2E9IgA1 added to human whole-blood or
monocyte cultures inhibited luciferase-tagged H37Rv infection although not for all tested blood
donors. Inhibition by 2E9IgA1 was synergistic with human rIFN-γ in cultures of purified human
monocytes but not in whole-blood cultures. The demonstration of the mandatory role of FcαRI
(CD89) for human IgA-mediated protection is important for understanding of the mechanisms
involved and also for translation of this approach toward development of passive immunotherapy
of tuberculosis.
Immunotherapy aims to shorten the chemotherapy of tuberculosis (TB), thereby reducing
treatment default rates and in turn decreasing transmission of infection and development of
drug-resistant Mycobacterium tuberculosis strains. Passive Ab treatment is of interest for
use in immunocompromised HIV-infected populations, who show faster disease progression
and toxicity from overlapping HIV and TB treatments, and for the treatment of multidrug-
resistant TB (1). Although the role of Abs has been controversial (2), systemic infection of
mice with M. tuberculosis can be reduced by inoculation of mice with Ag-specific mouse
mAbs (3–6) or polyspecific human serum IgG (7, 8). Moreover, mouse polyspecific
antiserum can act in synergy with the chemotherapy of M. tuberculosis-infected mice (9).
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Ab treatment has also been reported to protect against infection by various other intracellular
pathogens (10).
A mouse IgA mAb (TBA61) against the α-crystallin (Acr) Ag of M. tuberculosis was
reported to reduce early pulmonary M. tuberculosis infection in BALB/c mice through
intranasal (i.n.) inoculation rather than through the systemic route (11–13). The need for
postinfection inoculations of the Ab to obtain protection indicated action on M. tuberculosis
released from killed macrophages. Concurrent inoculations with IFN-γ (14) and anti–IL-4
mAb (15) prolonged protection and reduced relapse from short-term chemotherapy of M.
tuberculosis-infected mice (16), suggesting action against chemotherapy-generated persister
M. tuberculosis bacilli (17).
Translation of this approach to the immunotherapy of TB in humans would require
development of a fully human IgA Ab, so that anti-mouse Ig responses are avoided.
Importantly, there are key differences between the human and mouse IgA systems that need
to be taken into account. In humans, the protective function of IgA is mediated in large part
through interaction with FcαRI/CD89 (18–20). Mice, however, lack a homologue of CD89
due to a translocation event and are presumed to use an as yet undefined alternative receptor
for IgA-mediated effector function. As a result of these important differences, we chose to
generate a novel Acr-specific human IgA1 and use mice transgenic for human CD89
(CD89tg) to evaluate whether passive inoculation with the human IgA1 could protect
against M. tuberculosis infection.
Materials and Methods
Screening of the human single-chain variable fragment phage library
The Tomlinson I&J libraries from Geneservice, Cambridge (21) (http://
www.geneservice.co.uk/products/proteomic/scFv_tomlinsonIJ.jsp; distribution was
terminated in 2008), were subjected to three rounds of panning. Immunotubes (Maxisorb;
Nunc) were coated with recombinant Acr (LRP-0019.3; Lionex Diagnostics, Braunschweig,
Germany) in 1 ml carbonate buffer (pH 9.6) at concentrations 20, 2.0, and 0.2 μg/ml in the
first, second, and third panning rounds, respectively. The immunotubes were subsequently
washed three times with PBS and blocked with 2% skimmed milk in PBS for 2 h at 20°C
before further three washings with PBS. Then, ~1013 single-chain variable fragment (scFv)
phage was added and incubated for 2 h with rotation. Unbound scFv phage were removed by
10 washes with PBS/0.1% Tween 20 and 10 washes with PBS. The bound scFv phage were
eluted by incubation with 0.5 ml Tris-PBS for 10 min at room temperature. Two hundred
fifty microliters of the eluate was used to infect 1.75 ml freshly prepared bacilli of the TG1
strain of Escherichia coli.
The eluate (after taking a sample for phage titration) was plated onto large 2TY agar dishes
(245 × 245 mm) with carbenicillin (50 μg/ml). After incubation at 37°C for 18 h, 10 ml 2TY
broth (15% glycerol) was added and the colonies scraped. This suspension was mixed with
the same volume of 50% glycerol and incubated with rotation at room temperature for 10
min and then with shaking at 37°C until reaching an OD of 0.5–0.8 at 600 nm. After adding
~5 × 109 PFU helper-phage KM13, the suspension was incubated at 37°C for 30 min
without shaking and then 30 min with shaking. Cells centrifuged at 3500 rpm for 10 min
were resuspended in 250 ml 2TY broth (0.1% glucose, 50 μg/ml carbenicillin and
kanamycin) and grown with rapid shaking for 18 h at 30°C. Phage were prepared by
polyethylene glycol/NaCl precipitation and used for two separate rounds of panning as
described above.
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After incubation for 18 h at 30°C, the samples were replicated, grown for 5–6 h at 37°C,
then superinfected with 5 × 1010 KM13 and grown for 1 h at 37°C (all incubations with
shaking). After centrifugation and removal of supernatants, 2TY broth (50 μg/ml
carbenicillin and kanamycin) was added to the sediments, and scFv production was induced
by 1 mM isopropyl β-D-thiogalactoside during 18 h at 30°C. One hundred microliters of
phage or soluble scFv were tested for binding to Acr-coated Maxisorp immunoplates (Nunc)
by ELISA using anti-M13/HRP mAb (GE Healthcare) and tetramethylbenzidine (Sigma) as
substrate.
Generation of recombinant 2E9IgA1
The Acr-binding scFvs were initially cloned into the pGEMT-Easy TA cloning vector. The
VH and Vκ gene regions of the selected scFv 2E9 were then amplified by PCR using the
primers LMB3 (5′-CAGGAAACAGCTATGAC-3′) and Link Seq New (5′-
CGACCCGCCACCGCCGCTG-3′) for the VH and DPK9 (5′-
CATCTGTAGGAGACAGAGTC-3′) and PHEN (5′-CTATGCGGCCCCATTCA-3′) for
the Vκ. PCRs were performed in 50-μl volumes containing 1 μl diluted (1:10) cDNA,
primers (4 pmol/μl), dNTPs (10 mM), and 5× Green GoTaq reaction buffer (Promega). PCR
amplification involved an initial denaturation at 94°C for 2 min, followed by 30 cycles of
94°C for 45 s, 55°C for 1 min, and 72°C for 2 min, and a final extension at 72°C for 10 min.
The VH region was inserted upstream of the human IgA1 α-chain C region sequence
previously inserted (P.K. Dehal, D.T. Bowen, P.R. Crocker, and J.M. Woof, manuscript in
preparation) into the mammalian expression vector VHexpress (22). Similarly, the Vκ
region was inserted upstream of the Cκ sequence in the expression vector VKExpress (22).
After sequence confirmation, the 2E9IgA1 VH and Vκ constructs were stably co-transfected
into CHO-K1 cells, with hygromycin and gpt serving as selectable markers. Transfectants
were screened by ELISA for Acr binding, and suitable clones were expanded.
Purification and characterization of 2E9IgA1
The 2E9IgA1 transfectant cells were grown as monolayers in tissue culture flasks of 10–
1000 ml (Greiner) using DMEM medium (Invitrogen) with 10% FBS (Invitrogen). After
reaching confluence, the harvested supernatant from 500- to 750-ml cultures was filter-
sterilized and immediately subjected to affinity chromatography on anti-human IgA agarose
(Sigma) or Acr Affigel-15 columns (8). Supernatants containing 0.1% Na-azide were passed
at a 0.4 ml/min flow rate; after washing with PBS, the bound IgA was eluted with 0.1 M
glycine pH 2.5, collecting 2-ml fractions into 0.2 ml 1 M Tris buffer. Protein-positive
fractions were concentrated in Amicon Ultra concentrators (Millipore) and dialyzed against
PBS. The purified Ab was quantified using the wide-range BioChemika protein
quantification kit (Sigma). 2E9IgA1 was subjected to gel filtration on a Superose 6 column,
washed with 20 volumes of PBS/0.1% Na-azide, and connected to an ÄKTA FPLC system
(Amersham Biosciences, Chalfont St. Giles, Bucks, UK).
Purified 2E9IgA1 was separated in 12% Bis-tris gels and reduced by DTT (Invitrogen). Gels
were stained with Coomassie blue or immunoblotted and developed with HRP-labeled Abs:
goat anti-human κ L chain (Sigma), goat (Kirkegaard and Perry Laboratories) or mouse anti-
human IgA (constant α-chain) mAb (AbD Serotec). Acr (10 μg/ml) binding was followed
by anti-Acr IgG mAb (TBG65) and anti-mouse IgG–HRP (Sigma). O-linked sugars were
detected by jacalin–biotin (Sigma) and N-linked sugars by Con A–biotin (Sigma), followed
by development with streptavidin–HRP.
Surface plasmon resonance analysis
Analysis was performed with a BIAcore X instrument (BIAcore AB, Uppsala, Sweden)
using a CM5 sensor chip coupled with either Acr or soluble rFc-(CD89)2 protein (23),
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giving 1093 and 1200 response units, respectively. The flow rate was set at 5 μl/min, except
for kinetic analysis during which flow rate was adjusted to 20 μl/min. The 2E9IgA1 analyte
was diluted in buffer containing 0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, and
0.005% (v/v) surfactant P20. The injected 35-μl aliquot was allowed to dissociate for 4 min,
and subsequently the surfaces were regenerated with 2 M potassium thiocyanate. Data
collected for each experiment were analyzed for association (M−1 s−1) and dissociation rates
(s−1), using either the 1:1 binding model of Langmuir or the two-state reaction
(conformation change) model. The best fits from 100 to 1000 nM IgA ligand concentrations
were obtained using BIAevaluation software version 4.1.
Immunotherapy of infection of CD89tg mice
Groups of CD89tg mice (24) and non-transgenic littermate control mice were infected i.n.
with 0.5 million H37Rv CFU (11) (= day 0). Immunotherapy was delivered i.n. as follows: 1
μg mouse IFN-γ (10,000 U/μg; Sigma) alone was administered on day −3 before infection.
IFN-γ mixed with 5 μg purified 2E9IgA1 (titer 16,500) or with PBS in control groups was
administered 2 h before infection and again either on day 1 or day 21 postinfection (in the
experiment shown in Fig. 2) or on both these days (in the experiment shown in Fig. 3).
Lungs and spleens harvested 4 wk later were homogenized using the Stomacher 80
Biomaster (Seward Ltd), and the diluted homogenate was plated on duplicate 7H11 agar
plates for the CFU assay. For histology, lung fragments were placed in 5 ml 10% buffered
formaldehyde, embedded in paraffin blocks, and sections were stained with H&E. The
proportion of infiltrated granulomatous areas was determined by ImageJ software-based
morphometry of digitized images of lung sections. All animal experiments were performed
adhering to rules specified by the UK Home Office Project and personal licenses.
Modulation of human blood infection
Heparinized human blood was obtained from bacillus Calmette-Guérin–vaccinated donors
(with informed consent and approval by a local ethical committee) or from a blood
transfusion center. Duplicate 1 ml whole-blood cultures (25) were preincubated with 10 ng/
ml human IFN-γ and 100 μg/ml 2E9IgA1 for 24 h prior to infection with 1 × 104 to 10 ×
104 relative light units (RLU) luciferase-tagged H37Rv (H37Rv-lux) bacilli (26) for 2 h.
Extracellular bacilli were killed by 4-h incubation with amikacin (200 μg/ml). After
incubation in 5% CO2 at 37°C for 1–5 d, samples were split to half volumes, centrifuged,
and erythrocytes in the sediment were lysed with dH2O. After centrifugation, pellets were
resuspended in 1 ml PBS, and luminescence was measured for 20 s with a Berthold Junior
luminometer using 1% n-decyl aldehyde (Sigma). One viable organism corresponded with
15 RLU luminescence.
Monocytes were separated from 5-ml human buffy coats using Lymphoprep and EasySep
(19058; Stem Cell Technologies) without CD16 depletion. Triplicate cultures of 105
monocytes in 0.5 ml RPMI medium/5% human serum were incubated in the presence of 10
ng/ml IFN-γ and 20 μg/ml 2E9IgA1 for 1 d before infection with H37Rv-lux at 1:5
multiplicity of infection for 2 h, followed by 2-h treatment with amikacin. At harvest,
adherent cells were washed gently with PBS, then lysed in 10% Triton X-100 (Sigma) for 10
min at 37°C and tested for luminescence as described earlier.
Statistical analysis
Differences in geometric mean values of CFU counts between different groups of infected
mice were evaluated using the two-sample t test with equal variance and two-tailed
distribution or using the ANOVA test with multiple comparisons of means. The correlation
coefficient was calculated for CFU counts and the area of granulomatous infiltration of
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lungs in individual infected mice. Differences in mean RLU values, reflecting infection of
human blood cells in vitro, were evaluated by the two-sample t test.
Results
Generation and characterization of a human IgA1 mAb against Acr
Through Ag panning of a human Ab phage library, we isolated Ag-specific scFvs that bound
Acr at high titer and avidity. The 2E9 clone, selected for detailed study, appeared to
represent a “dominant” VH/Vκ combination, as it had identical VH and Vκ sequences to
four other Acr-binding clones. After subcloning of VH and Vκ regions into α H chain and κ
L chain plasmids and expression in CHO-K1 cells, a transfectant yielding Acr-specific
2E9IgA1 was generated.
On SDS-PAGE gels (Fig. 1), under nonreducing conditions, 2E9IgA1 gave a major band of
~170 kDa representing intact IgA (H2L2). Minor bands of lower m.w. most likely represent
half molecules (HL). After reduction, bands representing H chain glycoforms were seen at
around 60 kDa and an L chain band at 25 kDa, assignments confirmed by Western blotting.
HPLC analysis (data not shown) showed a major peak of 170 kDa, suggesting that the half
molecules seen on SDS gels associate noncovalently in solution. Lectin reactivity confirmed
the anticipated N- and O-linked glycosylation. Probing of blots with Acr and Fc-(CD89)2
demonstrated Ag and CD89 binding capabilities, respectively.
Purified 2E9IgA1 gave Acr-binding ELISA titers (dilution giving 30% of plateau OD) of
10–40 per microgram of protein. It bound Acr with a KD of 6.99 × 10−8 M (Table I). A
soluble form of human CD89, Fc-(CD89)2, bound with similar affinity to 2E9IgA1 (1.17 ×
10−7 M) and serum IgA (1.94 × 10−7 M), with KD values in keeping with earlier reports for
the IgA–CD89 interaction (27). Competition ELISA showed that whereas an IgG anti-Acr
mAb (TBG65) inhibited binding of TBA61 to Acr-coated plates, 2E9IgA1 did not (data not
shown). Moreover, 2E9IgA1 and TBA61 bound to different, partly overlapping, truncated
Acr recombinants, and neither bound linear peptides of Acr (28) (data not shown). We
conclude that 2E9IgA1 and TBA61 recognize different (yet structurally undefined) epitopes
on Acr.
Immunotherapy of H37Rv infection in CD89tg mice
The influence of 2E9IgA1 inoculations on the course of infection by the H37Rv strain of M.
tuberculosis was assessed in CD89tg mice. 2E9IgA1 was administered i.n. 2 h before
infection (day 0) and on either day 1 or day 21 postinfection (Fig. 2). Both 2E9IgA1-
inoculated and PBS-inoculated groups were also given 1 μg IFN-γ, shown previously to
prolong TBA61 mouse IgA-mediated inhibition of infection (14). CFU values in the lungs at
4 wk postinfection (Fig. 2A) were significantly reduced in both 0+1 and 0+21 d 2E9IgA1-
inoculated CD89tg mice (3.44 × 105 and 3.22 × 105 geometric mean CFU, respectively; t
test p = 0.006 for both groups) compared with that of PBS-injected controls (5.15 × 106
CFU). Inoculation with 2E9IgA1 also significantly reduced splenic CFU but only in the
0+21 d group (16.1 × 103 CFU; t test p = 0.026) compared with that of PBS controls (1.57 ×
105 CFU).
The representative H&E-stained sections of lungs of infected mice (Fig. 2B) demonstrate
extensive granulomatous infiltration, which was substantially reduced in both 2E9IgA1 plus
INF-γ treated groups of CD89tg mice. Morphometric quantitative evaluation (Fig. 2C)
showed that both the 0+1 d and the 0+21 d inoculation schedules reduced the infiltrated
granulomatous area highly significantly (t test: p = 0.0009 and p = 0.0004). The size of the
lung infiltration area directly correlated with CFU counts (correlation coefficient R2 = 0.38).
In contrast with these differences in CD89tg mice, the CD89-negative littermate control
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groups showed no significant differences either in lung and spleen CFU counts (Fig. 2A) or
in lung granuloma areas (data not shown). Analysis of cellular composition of the lungs
using formaldehyde-treated and Giemsa-stained cell suspensions showed that group mean
values of macrophages (11–15%), neutrophils (8–10%), lymphocytes (14–17%), and
epithelial cells (61–64%) did not differ significantly between the tested groups of mice (data
not shown).
In the following experiment, the influence of IFN-γ plus 2E9IgA1 treatment was then
compared with treatments with IFN-γ alone, or 2E9IgA1 alone, or PBS (Fig. 3). All groups
of CD89tg mice were infected i.n. with H37Rv and were inoculated 3 d before infection
with IFN-γ alone. 2E9IgA1 and IFN-γ either as single or as combined treatment was given
2 h before and on day 1 and on day 21 postinfection. Lung CFU counts 4 wk postinfection
were best inhibited by combined treatment with IFN-γ plus 2E9IgA1 (4.33 × 104 geometric
mean CFU; t test: p = 0.0427) compared with that of PBS controls (4.67 × 105 CFU).
ANOVA evaluation showed no significant inhibition by IFN-γ alone (p = 0.227), but
inhibition by 2E9IgA1 alone was borderline significant (p = 0.062). Although the combined
IFN-γ plus 2E9IgA1 inoculation resulted in the lowest CFU counts, the difference from the
group inoculated with 2E9IgA1 alone was not significant (p = 0.69). Lung CFU counts in
the IFN-γ–only treated group were slightly, though not significantly reduced, perhaps due to
the fact that IFN-γ was inoculated four times rather than three times, as done in the
experiment shown in Fig. 2. Unlike the lung CFU counts, differences in splenic CFU counts
between the groups were not significant.
Modulation of H37Rv-lux infection of human whole blood and purified monocytes
Modulation of infection with H37Rv-lux was evaluated in cultures of whole blood from six
healthy volunteer donors. The results were evaluated only from experiments where the
infection increased ~10-fold during the 3-d incubation period. To assess in vitro protective
capacity, 2E9IgA1 with or without 10 ng/ml IFN-γ was added to cultures. In a
representative experiment (Fig. 4A), significant (p = 0.009; ~90%) decrease of RLU values
of H37Rv-lux luminescence was imparted by 100 μg/ml 2E9IgA1 but not by colostrum IgA
or IgG. In a separate experiment (Fig. 4B), addition of IFN-γ did not increase the significant
inhibitory effect of 2E9IgA1 (p = 0.0008), whereas the isotype control (anti-NIP) Ab was
not inhibitory. In another experiment, testing blood samples from two separate donors (Fig.
4C), RLU values of donor A were diminished only marginally by the addition of IFN-γ
alone (p = 0.023) but were inhibited significantly (p = 0.0047) by the presence of both
2E9IgA1 and IFN-γ (p = 0.005). However, the inhibition in donor B was not significant (p =
0.053). Variation similar to that between donors A and B was observed also in other
experiments with different donors, but its nature could not be analyzed in further detail with
the relatively small sample of tested donors. To increase the sensitivity of inhibition, we
reduced the H37Rv-lux infection dose from 100 × 103 RLU (used above) to 30 × 103 or 10
× 103 RLU (Fig. 4D). However, the degree of inhibition after 3 d of incubation improved
only marginally (p = 0.007, p = 0.004, p = 0.002), and the lung RLU values approached the
detection threshold. Incubation of purified monocytes (Fig. 4E) with 2E9IgA1 plus IFN-γ
reduced RLU values at 72 h (p = 0.008) and 108 h (p = 0.009) of incubation, but not at 18 h.
However, there was no significant inhibition by 2E9IgA1 in the absence of human IFN-γ.
Discussion
The main constituent purified from the 2E9IgA1 expressed in CHO-K1 stable transfectant
cells was 170 kDa, corresponding to monomeric IgA and containing both O-linked and N-
linked sugars, which are important for avoiding the formation of pathogenic immune
complexes (29). Being monomeric, this IgA1 would not interact with the pIgR and hence
would not form secretory IgA molecules. The binding affinity of 2E9IgA to the Acr Ag (7 ×
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10−8 M) was found to be much higher than that of the mouse IgA mAb TBA61 (2.94 × 10−6
M), which was previously found to be protective in BALB/c mice.
Intranasal inoculations of 2E9IgA1 and IFN-γ reduced the pulmonary infection in CD89tg
mice but not in littermate controls, demonstrating that protection depends on interaction of
2E9IgA1 with CD89. Although infection was most reduced by the combined inoculation of
2E9IgA1 with IFN-γ, statistical evaluation of the group differences by the ANOVA test
failed to show significant synergy between the action of these two agents. Inhibition of
infection of purified human monocytes after 72–108 h of culture was significant only when
both 2E9IgA1 and human rIFN-γ were added to the culture. In contrast, there was no
consistent synergy between the actions of 2E9IgA1 and IFN-γ in cultures of human whole
blood. This could have been due to the action of IFN-γ, secreted by neutrophils or by other
cells present in the whole blood. Our previous demonstration of longer persistence of
passive protection by co-inoculation of mouse IgA anti-Acr with mouse IFN-γ could have
been due to greater IFN-γ dependency of the mouse IgA receptor expression (14).
The human CD89 receptor, targeted by the 2E9IgA1 treatment, is known to be expressed
strongly on neutrophils in CD89 transgenic mice (24), whereas macrophages in these mice
express it when induced by GM-CSF (24) or other cytokines, which may be elevated in M.
tuberculosis-infected mice. Dendritic cells can also express CD89 (30), and therefore their
infection with M. tuberculosis (31) may also have been targeted by 2E9IgA1. We postulate
that passive monomeric IgA bound to the surface of CD89-positive alveolar macrophages
and/or neutrophils could bind the infecting M. tuberculosis organisms. Uptake of this
complex could then activate bactericidal activity of the infected cells. It is conceivable that
the efficacy of TB immunotherapy could further be enhanced by inoculation of
immunomodulators that increase the expression of CD89 on target cells. It would also be of
interest to ascertain whether the reported profound synergy of anti–IL-4 treatment with
mouse IgA action (15, 16) could also apply with respect to the human IgA–CD89
interaction. In an endeavor to increase further the efficacy of immunotherapy,
multimerization or site-directed mutagenesis of the 2E9IgA1 mAb could be explored.
Studies in a different CD89tg strain, in which CD89 expression is driven by the CD11b
promoter (19) and that strongly express and shed CD89 (27), suggested that CD89 can
mediate dual signals, controlled by the ITAM activation motif: a) proinflammatory, induced
by IgA immune complexes leading to multimeric receptor aggregation; or b) inhibitory,
induced by low-affinity binding by serum IgA, which can prevent the development of
autoimmunity and inflammation. We postulate that the i.n. inoculation of 2E9IgA1 induced
proinflammatory cellular responses, which could have imparted protection by promoting
apoptosis of M. tuberculosis-infected macrophages (12).
Human and mouse IgA1 constant regions share only 58% identical amino acids and contain
different O-linked and N-linked glycosylation patterns, leading to distinct biological
functions. The cellular mechanisms of protection by the mouse IgA mAb (TBA61) could not
have been addressed in previously reported experiments, in view of the lack of a CD89
homologue in the mouse. Therefore, availability of the novel human IgA mAb was the first
opportunity for ascertaining the role of FcαRI/CD89. Consequently, our finding of its
mandatory role in mediating protection is of significant novelty and importance.
The in vitro experiments indicated that 2E9IgA1 is able to reduce M. tuberculosis infection,
consistent with our in vivo findings. Our finding of interdonor variability is not too
surprising given previous results in the mouse model, where IgA-mediated inhibition of
macrophage infection was less pronounced than protection in vivo (14). This outcome was
attributed to the involvement of other cells, cytokines, or endogenous factors in the lungs.
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There may also be contributions from polymorphic variation in FcαRI functional activity
between human donors (32), akin to the recognized association of certain Fc receptors with
differential disease outcomes (33). However, detailed insights into this variation in
protection need larger-scale testing of human samples.
In conclusion, the described protection against M. tuberculosis infection by i.n. treatment
with human IgA mAb and rIFN-γ represents an important step toward the possibility of
passive immunotherapy in TB patients. TB research has been exploring different avenues
such as diagnosis/biomarkers, drug discovery, and vaccination, all facing obstacles (34),
which leaves scope for taking up new approaches. With this view, continued interest in
passive immunotherapy of TB seems justified by the presented results obtained with the new
human IgA mAb. The clinical potential is particularly toward HIV-associated TB, where
immune compromise precludes active vaccination. Because a large proportion of AIDS
patients are at risk for TB reactivation, and because simultaneous HIV/TB treatment is
complicated by drug–drug interactions, the potential clinical benefits from the
immunotherapy of TB could be significant. In addition, the prospect of shortening the
chemotherapy regimen would have even wider impact because the currently used protracted
regimens are blighted by defaulting. In this regard, the capacity of passive immunotherapy
to reduce postchemotherapy relapse in mouse models (9, 16) suggests that combined
immunotherapy can be effective even when started after the host infection. Finally, tackling
the multidrug-resistant TB could be another challenging opportunity.
Acknowledgments
We thank Mahavir Singh for the supply of Acr protein, Andrew Bradbury for provision of VHExpress and
VKExpress vectors, Eddy Odell for histology support, and Charles Kelly for BIAcore analysis support.
This work was supported by grants from the Wellcome Trust and from the Dunhill Medical Trust.
Abbreviations used in this article
Acr α-crystallin
CD89tg mice transgenic for human CD89
i.n. intranasal
RLU relative light unit
scFv single-chain variable fragment
TB tuberculosis
References
1. Nunn P, Williams B, Floyd K, Dye C, Elzinga G, Raviglione M. Tuberculosis control in the era of
HIV. Nat. Rev. Immunol. 2005; 5:819–826. [PubMed: 16200083]
2. Glatman-Freedman A, Casadevall A. Serum therapy for tuberculosis revisited: reappraisal of the
role of antibody-mediated immunity against Mycobacterium tuberculosis. Clin. Microbiol. Rev.
1998; 11:514–532. [PubMed: 9665981]
3. Teitelbaum R, Glatman-Freedman A, Chen B, Robbins JB, Unanue E, Casadevall A, Bloom BR. A
mAb recognizing a surface antigen of Mycobacterium tuberculosis enhances host survival. Proc.
Natl. Acad. Sci. USA. 1998; 95:15688–15693. [PubMed: 9861031]
4. Hamasur B, Haile M, Pawlowski A, Schroder U, Kallenius G, Svenson SB. A mycobacterial
lipoarabinomannan specific monoclonal antibody and its F(ab’) fragment prolong survival of mice
infected with Mycobacterium tuberculosis. Clin. Exp. Immunol. 2004; 138:30–38. [PubMed:
15373902]
Balu et al. Page 8









5. Pethe K, Alonso S, Biet F, Delogu G, Brennan MJ, Locht C, Menozzi FD. The heparin-binding
haemagglutinin of M. tuberculosis is required for extrapulmonary dissemination. Nature. 2001;
412:190–194. [PubMed: 11449276]
6. Chambers MA, Gavier-Widén D, Hewinson RG. Antibody bound to the surface antigen MPB83 of
Mycobacterium bovis enhances survival against high dose and low dose challenge. FEMS Immunol.
Med. Microbiol. 2004; 41:93–100. [PubMed: 15145452]
7. Roy E, Stavropoulos E, Brennan J, Coade S, Grigorieva E, Walker B, Dagg B, Tascon RE, Lowrie
DB, Colston MJ, Jolles S. Therapeutic efficacy of high-dose intravenous immunoglobulin in
Mycobacterium tuberculosis infection in mice. Infect. Immun. 2005; 73:6101–6109. [PubMed:
16113331]
8. Olivares N, Puig A, Aguilar D, Moya A, Cádiz A, Otero O, Izquierdo L, Falero G, Solis RL, Orozco
H, et al. Prophylactic effect of administration of human gamma globulins in a mouse model of
tuberculosis. Tuberculosis (Edinb.). 2009; 89:218–220. [PubMed: 19362883]
9. Guirado E, Amat I, Gil O, Díaz J, Arcos V, Caceres N, Ausina V, Cardona PJ. Passive serum
therapy with polyclonal antibodies against Mycobacterium tuberculosis protects against post-
chemotherapy relapse of tuberculosis infection in SCID mice. Microbes Infect. 2006; 8:1252–1259.
[PubMed: 16702016]
10. Casadevall A. Antibody-mediated immunity against intracellular pathogens: two-dimensional
thinking comes full circle. Infect. Immun. 2003; 71:4225–4228. [PubMed: 12874297]
11. Williams A, Reljic R, Naylor I, Clark SO, Falero-Diaz G, Singh M, Challacombe S, Marsh PD,
Ivanyi J. Passive protection with immunoglobulin A antibodies against tuberculous early infection
of the lungs. Immunology. 2004; 111:328–333. [PubMed: 15009434]
12. Reljic R, Williams A, Ivanyi J. Mucosal immunotherapy of tuberculosis: is there a value in passive
IgA? Tuberculosis (Edinb.). 2006; 86:179–190. [PubMed: 16510311]
13. López Y, Yero D, Falero-Diaz G, Olivares N, Sarmiento ME, Sifontes S, Solis RL, Barrios JA,
Aguilar D, Hernández-Pando R, Acosta A. Induction of a protective response with an IgA
monoclonal antibody against Mycobacterium tuberculosis 16kDa protein in a model of progressive
pulmonary infection. Int. J. Med. Microbiol. 2009; 299:447–452. [PubMed: 19157977]
14. Reljic R, Clark SO, Williams A, Falero-Diaz G, Singh M, Challacombe S, Marsh PD, Ivanyi J.
Intranasal IFNgamma extends passive IgA antibody protection of mice against Mycobacterium
tuberculosis lung infection. Clin. Exp. Immunol. 2006; 143:467–473. [PubMed: 16487246]
15. Buccheri S, Reljic R, Caccamo N, Ivanyi J, Singh M, Salerno A, Dieli F. IL-4 depletion enhances
host resistance and passive IgA protection against tuberculosis infection in BALB/c mice. Eur. J.
Immunol. 2007; 37:729–737. [PubMed: 17304630]
16. Buccheri S, Reljic R, Caccamo N, Meraviglia S, Ivanyi J, Salerno A, Dieli F. Prevention of the
post-chemotherapy relapse of tuberculous infection by combined immunotherapy. Tuberculosis
(Edinb.). 2009; 89:91–94. [PubMed: 18986840]
17. Grosset J. Mycobacterium tuberculosis in the extracellular compartment: an underestimated
adversary. Antimicrob. Agents Chemother. 2003; 47:833–836. [PubMed: 12604509]
18. Otten MA, van Egmond M. The Fc receptor for IgA (FcalphaRI, CD89). Immunol. Lett. 2004;
92:23–31. [PubMed: 15081523]
19. Launay P, Grossetête B, Arcos-Fajardo M, Gaudin E, Torres SP, Beaudoin L, Patey-Mariaud de
Serre N, Lehuen A, Monteiro RC. Fcalpha receptor (CD89) mediates the development of
immunoglobulin A (IgA) nephropathy (Berger’s disease). Evidence for pathogenic soluble
receptor-Iga complexes in patients and CD89 transgenic mice. J. Exp. Med. 2000; 191:1999–2009.
[PubMed: 10839814]
20. Pleass RJ, Dunlop JI, Anderson CM, Woof JM. Identification of residues in the CH2/CH3 domain
interface of IgA essential for interaction with the human Fcalpha receptor (FcalphaR) CD89. J.
Biol. Chem. 1999; 274:23508–23514. [PubMed: 10438530]
21. de Wildt RM, Mundy CR, Gorick BD, Tomlinson IM. Antibody arrays for high-throughput
screening of antibody-antigen interactions. Nat. Biotechnol. 2000; 18:989–994. [PubMed:
10973222]
Balu et al. Page 9









22. Persic L, Roberts A, Wilton J, Cattaneo A, Bradbury A, Hoogenboom HR. An integrated vector
system for the eukaryotic expression of antibodies or their fragments after selection from phage
display libraries. Gene. 1997; 187:9–18. [PubMed: 9073061]
23. van der Boog PJ, van Kooten C, van Zandbergen G, Klar-Mohamad N, Oortwijn B, Bos NA, van
Remoortere A, Hokke CH, de Fijter JW, Daha MR. Injection of recombinant FcalphaRI/CD89 in
mice does not induce mesangial IgA deposition. Nephrol. Dial. Transplant. 2004; 19:2729–2736.
[PubMed: 15340093]
24. van Egmond M, Hanneke van Vuuren AJ, van de Winkel JG. The human Fc receptor for IgA (Fc
alpha RI, CD89) on transgenic peritoneal macrophages triggers phagocytosis and tumor cell lysis.
Immunol. Lett. 1999; 68:83–87. [PubMed: 10397160]
25. Kampmann B, Gaora PO, Snewin VA, Gares MP, Young DB, Levin M. Evaluation of human
antimycobacterial immunity using recombinant reporter mycobacteria. J. Infect. Dis. 2000;
182:895–901. [PubMed: 10950786]
26. Snewin VA, Gares MP, Gaora PO, Hasan Z, Brown IN, Young DB. Assessment of immunity to
mycobacterial infection with luciferase reporter constructs. Infect. Immun. 1999; 67:4586–4593.
[PubMed: 10456904]
27. Monteiro RC. Role of IgA and IgA Fc receptors in inflammation. J. Clin. Immunol. 2010; 30:1–9.
[PubMed: 19834792]
28. Barcenas-Morales G, Merkenschlager M, Wahid F, Döffinger R, Ivanyi J. Recessive expression of
the H2A-controlled immune response phenotype depends critically on antigen dose. Immunology.
2000; 99:221–228. [PubMed: 10692040]
29. Kokubo T, Hiki Y, Iwase H, Tanaka A, Toma K, Hotta K, Kobayashi Y. Protective role of IgA1
glycans against IgA1 self-aggregation and adhesion to extracellular matrix proteins. J. Am. Soc.
Nephrol. 1998; 9:2048–2054. [PubMed: 9808090]
30. Pasquier B, Launay P, Kanamaru Y, Moura IC, Pfirsch S, Ruffié C, Hénin D, Benhamou M,
Pretolani M, Blank U, Monteiro RC. Identification of FcalphaRI as an inhibitory receptor that
controls inflammation: dual role of FcRgamma ITAM. Immunity. 2005; 22:31–42. [PubMed:
15664157]
31. Reljic R, Di Sano C, Crawford C, Dieli F, Challacombe S, Ivanyi J. Time course of mycobacterial
infection of dendritic cells in the lungs of intranasally infected mice. Tuberculosis (Edinb.). 2005;
85:81–88. [PubMed: 15687031]
32. Wu J, Ji C, Xie F, Langefeld CD, Qian K, Gibson AW, Edberg JC, Kimberly RP. FcalphaRI
(CD89) alleles determine the proinflammatory potential of serum IgA. J. Immunol. 2007;
178:3973–3982. [PubMed: 17339498]
33. Bournazos S, Woof JM, Hart SP, Dransfield I. Functional and clinical consequences of Fc receptor
polymorphic and copy number variants. Clin. Exp. Immunol. 2009; 157:244–254. [PubMed:
19604264]
34. Young DB, Perkins MD, Duncan K, Barry CE III. Confronting the scientific obstacles to global
control of tuberculosis. J. Clin. Invest. 2008; 118:1255–1265. [PubMed: 18382738]
Balu et al. Page 10










Characterization of purified 2E9IgA1. SDS-PAGE (Coomassie) and Western blot analysis
probed with anti-L chain, anti-IgA, Con A, jacalin (Jac), Acr followed by anti-Acr, and Fc-
(CD89)2. Serum IgA served as a control for Fc-(CD89)2 binding. M, m.w. markers; NR,
non-reduced samples; R, reduced samples.
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Modulation of M. tuberculosis infection in FcαRI/CD89 transgenic mice. Mice in all three
groups were preinoculated i.n. with 1 μg mouse IFN-γ 3 d before i.n. infection with 0.5
million H37Rv. Five micrograms purified 2E9IgA1 (titer 16,500) mixed with either IFN-γ
(closed symbols) or PBS (open symbols) was given i.n. 2 h before infection and again either
1 d or 21 d postinfection. Organs were harvested 4 wk postinfection. A, Group geometric
means (horizontal bars) of CFU counts in the lungs (circles) and spleens (triangles) of
individual mice. **p < 0.001, *p < 0.05 (significant difference between 2E9IgA1-inoculated
and PBS-inoculated groups; t test). B, H&E-stained lung sections. Original magnification
×20. C, Means ± SE and t test values of granulomatous infiltration of the lungs from CD89tg
mice. **p < 0.001.
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Influence of combined and single i.n. inoculations of 2E9IgA1 and IFN-γ on M.
tuberculosis infection. One microgram mouse IFN-γ was given 3 d before infection with 0.5
million H37Rv. Five micrograms purified 2E9IgA1 mixed with either IFN-γ or PBS was
given 2 h before infection and again 1 d and 21 d postinfection. Organs were harvested 4 wk
postinfection. CFU count data in the lungs (circles) and spleens (triangles) of individual
mice and group geometric means (horizontal bars) are shown. *p < 0.05 (significant
difference compared with the PBS-inoculated control group; t test).
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Modulation of H37Rv-lux infection in vitro. Whole human blood cultures were incubated
with 10 ng/ml human IFN-γ and 2E9IgA1 for 24 h prior to infection with 106 RLU H37Rv-
lux for 2 h, followed by amikacin (200 μg/ml) treatment for 4 h. Chemiluminescence was
determined after incubation at 37°C for 3 d. A, Influence of 2E9IgA, colostrum IgA, and
serum IgG dose. B and C, Influence of human IFN-γ in different donors. D, Influence of
different dosage of H37Rv-lux infection using 2E9IgA1 (closed symbols) or PBS (open
symbols). E, Modulation of infection of purified human monocytes with 20 μg/ml 2E9IgA1
with or without IFN-γ before infection with H37Rv-lux. The p values represent the
significance of the difference in comparison with the PBS controls (t test).
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